It has been suggested that resistance training (RT) increases arterial stiffness. The purpose of the present study was to clarify the effect of eccentric RT (ERT) and concentric RT (CRT) on arterial stiffness in female adults by an interventional study. In total, 29 healthy female subjects were randomly assigned to either the ERT group (n ¼ 10), CRT group (n ¼ 10) or sedentary (SED) group (n ¼ 9). The ERT and CRT groups performed resistance training three times a week for 8 weeks. We determined brachial blood pressure, brachial-ankle pulse wave velocity (baPWV), carotid artery intimamedial thickness (IMT) and carotid arterial lumen diameter before and after training and after detraining.
Introduction
The importance of resistance training (RT) has been pointed out as physical activity for the prevention or treatment of lifestyle-related diseases. [1] [2] [3] [4] Its importance has also been recognized as a means for the avoidance of nursing care, including the prevention of falls in elderly adults or avoidance of elderly adults becoming bedridden. Therefore, highstrength RT with loads of maximal voluntary contraction (MVC) or more than 60% of one repetition maximum (1RM) has produced successful results. 5, 6 Thus, it has been thought that RT can be useful in maintaining or improving physical condition. However, in recent years it has been suggested that RT increases arterial stiffness. 7, 8 Whether RT hardens arteries has been controversial since the report by Bertovic et al. 7 in 1999 that examined the relationship between RT and arterial elasticity and reported that RT increases arterial stiffness. Also, suggested in that paper was the possibility of higher blood pressure among RT enthusiasts compared to those not engaged in such exercise and that the increase in blood pressure due to RT promotes increased arterial stiffness. Miyachi et al. 8 reported that arterial stiffness was significantly increased after 4 months of RT. On the other hand, Rakobowchuk et al. 9 found arterial stiffness unchanged after 12 weeks of RT. Therefore, there is no unified view on the effects of RT on arterial stiffness.
Muscle contractions in RT are performed by eccentric (ECC), concentric (CON) or isometric contractions. Since ECC and CON are contraction modes accompanied by joint movement, they are widely applied in typical RT. Since RT using ECC (ERT) involves a large adaptation of the nervous system, an increase in muscle strength through ERT is observed at a relatively early stage of training. For this reason, ERT is often used in rehabilitation. 10, 11 Also, the training effect of ERT is higher than that of concentric RT (CRT). 12 At the same time, it has been reported that the blood pressure response during ECC is smaller than that during CON. 13, 14 Therefore, if a rise in blood pressure increases arterial stiffness as shown previously, 7 ERT may be an effective exercise prescription for middle-aged to elderly adults as it has a high training effect. However, the difference in effects of ERT and CRT on arterial stiffness is not yet understood.
We hypothesized that ERT suppresses an increase in arterial stiffness, whereas in contrast CRT accelerates such an increase. The purpose of the present study was to clarify the effects of ERT and CRT on arterial stiffness in female adults by an interventional study. This study also examined the change in arterial stiffness after detraining to understand the effect of RT in more detail. We supposed that the increased arterial stiffness due to CRT would return to the level prior to the start of training through detraining.
Methods

Subjects
Participants in this study were 29 healthy nonsmoking female subjects who were not actively involved in regular physical exercise. Health examinations revealed no abnormal findings and blood pressure levels were within normal range. The health examination included the following tests: anamnesis, blood pressure, urine dipstick test, electrocardiogram and chest X-ray. Haematological examination was not performed. The urine dipstick test was carried out by litmus paper method (dip and read stick, dip stick). The daily rhythms (sleeping hours, bedtime and wake-up time, etc.) of the subjects were nearly constant. Although some subjects who had an exercise habit in the past were included, most of the subjects had not exercised for more than 1 year and had not engaged in RT. Subjects were randomly assigned to ERT (n ¼ 10), CRT (n ¼ 10) and sedentary (SED) groups (n ¼ 9). Table 1 shows physical characteristics of the subjects. Experiments were carried out under the approval of the Ethical Committee of the Kinki Welfare University and all subjects provided written informed consent.
Experimental design ERT or CRT was conducted three times weekly for 8 weeks. Miyachi et al. 8 reported that arterial stiffness was significantly increased in the second month of RT, which was conducted on a three times per week basis for 4 months. Therefore, it is thought that the response of arterial stiffness can be exhibited in a relatively short training period. We established an 8-week, three times per week training program. The nondominant arm was selected for training to minimize the effects on daily life. In all subjects, this was the left arm. Training was conducted by five sets of 10 repetitions of an arm curl. Before the start of training 1RM in arm curling was measured. The load was set to 100% of 1RM for ERT and 80% of 1RM for CRT. The load with which an increase in muscle strength or amount that will be expected by RT must be equal to or more than 75% MVC. 15 Therefore, the initial load for CRT was determined to be 80% MVC. At the same time, muscle strength exerted by ECC of the elbow flexor muscle group is about 1.2 times higher than that by CON. 16 Therefore, a load of 1.2 times 80% MVC, that is 100% MVC, should be set to conform the ERT load to that for CRT. Then, we set the load for ERT as 100% MVC. The 1RM was measured in all subjects again after 4 weeks of the start of training and the load was adjusted based on a new 1RM for subjects whose 1RM had increased.
Normal resistance training (RT) was performed by having subjects alternate the concentric phase (pushing resistance up) with the eccentric phase (lowering the weight). However, it was necessary to pay attention to the avoidance of ECC in CON and CRT in ERT since the purpose of this study was to investigate the effects of ERT and CRT on artery stiffness. Therefore, with regard to ERT, subjects performed ECC while lowering a dumbbell over the course of 2 s, and then returned the dumbbell to the starting position (the starting position of ERT) over the course of 2 s, with the investigator holding the weight to prevent CON. In reference to CRT, subjects performed CON while pushing a dumbbell up over the course of 2 s, and then returned to the starting position (the starting position of CRT) over 2 s, with the investigator holding the weight to prevent ECC. This procedure was also used in previous studies. 17, 18 The range of motion of an elbow joint for ERT and CRT was from 01 to 901 when the anatomic extended position was set as 01 . We prohibited ERT and CRT subjects from all other exercises (RT, anaerobic exercise, aerobic exercise) except for activities of daily life during the training period as well as during the detraining period. The SED group also was not allowed such exercise except for activities of daily life during the experimental period.
Determination of variables
We determined height, weight, body mass index, body fat, brachial blood pressure, heart rate, brachial-ankle pulse wave velocity (baPWV), carotid artery intimamedial thickness (IMT) and carotid Effects of eccentric and concentric resistance T Okamoto et al arterial lumen diameter before and after resistance training and after detraining.
Measurement of brachial-ankle pulse wave velocity baPWV was measured using form PWV/ABI (Colin Co., Ltd, Komaki, Japan). This device records the PWV, blood pressure, an electrocardiogram, and heart sounds form and arterial blood pressure at both the left and right brachia and ankles. 19, 20 baPWV was measured at rest in the supine position with sensory cuffs wrapped around both brachials and ankles (brachial-ankle method, baPWV). Before measurement, subjects abstained from caffeine and fasted for at least 4 h. Left-and right-baPWV (left-baPWV (L-PWV), right-baPWV (R-PWV)) were measured by the oscillometric method. Pulse volume records of bilateral brachial and ankle arteries were monitored by a continuous deflation of the cuffs. The distance between sampling points of baPWV was calculated automatically according to the height of the subject. baPWV was calculated by dividing the distances (D) from the aorta to the cuff on the left (right) brachial (Lb: Ld ¼ 0.2195 Â height of the patient (cm) -2.0734)) and to that on the left (right) ankle (La: La ¼ 0.8129 Â height of the patient (cm) þ 12.328) by each pulse transit time (t). That is, baPWV was calculated as follows:
The sample acquisition frequency for PWV was set at 1200 Hz, and the sampling time was 10 s with automatic gain analysis and quality adjustment. In all the studies, baPWV was obtained after at least a 10-min rest. We used the left baPWV value in this study. Also, before PWV measurement, by measuring blood pressure at the upper arm while resting using the oscillometric method and comparing this value to the upper arm blood pressure at the time of PWV measurement, we confirmed the reliability of PWV. The coefficients of variation (CV) for baPWV were 4.6, 4.5 and 5.7% for before training, after training and after detraining, respectively.
Measurement of carotid artery IMT and carotid arterial lumen diameter B-mode ultrasonography and a 7.5 MHz convex probe (SonoSite 180PLUS, SonoSite Inc., Washington DC, USA) were used to measure carotid artery IMT and carotid arterial lumen diameter. Before measurement, subjects abstained from caffeine and fasted for at least 4 h. Subjects were studied under quiet resting conditions in the supine position. Ultrasound images were recorded on a personal computer, and carotid IMT and carotid lumen diameter measurements were analysed by use of computerized image analysis software. For this study, carotid IMT and carotid lumen diameter were defined as the left carotid IMT and carotid lumen diameter (training limb). Carotid IMT was evaluated by measuring the linear distance perpendicular to the luminal axis between two points defined by the ultrasonic interfaces 1 cm distal to the carotid bifurcation. Carotid lumen diameter was determined as the distance between the vessel far-wall boundary, corresponding to the interface between the lumen and intima and a near-wall boundary corresponding to the interface of the adventitia and media. Moreover, the carotid IMT/lumen diameter ratio was calculated. 21, 22 All image analyses were performed by the same investigator, who was blinded to the group assignment of subjects. The CV for carotid IMT were 4.6, 4.9 and 5.3% for before training, after training and after detraining, respectively. The CV for carotid lumen diameter were 1.7, 1.4 and 1.7% for before training, after training and after detraining, respectively. Since this study employed adult females as subjects, we considered the possibility that menstrual cycles would affect changes in baPWV, carotid IMT and carotid lumen diameter. Therefore, all measurements conducted before and after the training were carried out at the same phase of the menstrual cycle.
Statistical analysis
Data are presented as the mean7s.d. The Statview package (Version 5.0J) was used for statistical analysis. The effect of training mode (ECC or CON) and training period on physiological variables (baPWV, carotid IMT, IMT/lumen, etc.) was analysed via two-way repeated measures analysis of variance (ANOVA). The Bonferroni/Dunn method was used for multiple post hoc comparisons. Findings were considered significant at Po0.05.
Results
Changes in 1RM
All the subjects in both the CRT and ERT groups completed the training program. However, two subjects failed to attend the training 1 day in the Second week and the fifth week of the experiment, respectively. Increases of 1RM were observed in the ERT and CRT groups (Po0.001). Percent increases were 33% in the ERT group and 52% in the CRT group. Figure 1 shows changes in baPWV before and after training and after detraining. There were no significant differences in the before-training baPWV among the three groups. Differences in the ERTgroup and SED-group baPWV did not differ significantly before and after training and after detraining. However, baPWV after training in the CRT group had increased from before training (Po0.05). Moreover, baPWV increased significantly after training in the CRT group compared with the ERT and SED groups (Po0.05). In contrast, there were no significant differences in the after-detraining baPWV between the three groups. Table 2 shows changes in haemodynamic and cardiovascular indices before and after training and after detraining. No significant changes were shown in any of the three groups.
Changes in baPWV
Changes in haemodynamic and cardiovascular indices
Discussion
This study investigates effects of ERT and CRT on arterial stiffness by an interventional study. Arterial stiffness in the ERT group was unchanged by resistance training during 8 weeks. In contrast, arterial stiffness in the CRT group was increased by resistance training for 8 weeks (Table 3) . Thus, the phenomenon as a result of ERT may produce beneficial effects on the prevention of progression of hypertension and/or arteriosclerosis by resistance training.
This study examined the effects of ERT and CRT on arterial stiffness in adult female subjects. When employing females as subjects, the effects of female hormone on arterial stiffness should be considered. The PWV of female subjects exhibits lower values than in male subjects due to the vasodilating and NO-producing effects of oestrogen. 19 At the same time, although arterial compliance changes according to the menstrual cycle, it was reported that PWV does not change significantly. 23 However, on the other hand, the possibility was suggested that oestrogen reduces PWV and arterial compliance, 24, 25 and we felt that the menstrual cycle must be considered. Therefore, in this study baPWV was measured at the same phase of the menstrual cycle in each subject. From this procedure, the change in baPWV in this study was considered to be the effect of RT.
After 8 weeks of RT, an increase in 1RM was observed both in the ERT and CRT groups, but the degree of increase was greater in the CRT than in the ERT group. Hortobagyi et al. 26 examined the dependency of muscle increase on contraction modes and reported that CON muscle strength was significantly increased by CRT, whereas ECC muscle strength was significantly increased by ERT. Since the measured 1RM in this study was CON, it was considered that the increase in muscle strength was dependent on the contraction mode.
It is commonly known that aerobic exercise is important for patients with vascular diseases such Effects of eccentric and concentric resistance T Okamoto et al as arteriosclerosis. Tanaka et al. 27 introduced regular aerobic exercise for middle-aged and elderly untrained people and reported that in 3 months the degree of improvement of aortic compliance was the same as in endurance athletes. Exercise therapy for mild arteriosclerosis was shown to be effective in slowing progression and promoting regression of the disease. [28] [29] [30] These reports suggested that aerobic physical exercise can play an important role in prevention of arteriosclerosis. Also, the importance of RT has been pointed out for the prevention or treatment of lifestyle-related diseases. [1] [2] [3] [4] However, in recent years it has been suggested that RT increases arterial stiffness. 7, 8 In this study, a significant increase in baPWV was observed in the CRT group. These results support our hypothesis.
Miyachi et al. 8 revealed that arterial stiffness was significantly increased with only 2 months of RT by examining changes in arterial stiffness during 4 months of RT. That result supported previous work that also showed that arterial stiffness in CRT was changed with only a few months of training, which is a relatively short period. By detraining, arterial stiffness in CRT was returned to the before-training value. Therefore, the increase in arterial stiffness in RT might be largely affected by CON.
On the other hand, Horstmann et al. 31 conducted maximum uniform velocity knee extension exercise with ECC and CON and reported that although the maximum extension torque of ECC was significantly higher than that of CON, the heart rate and blood pressure with ECC were significantly lower than that with CON. The results suggest the possibility that the difference in muscle contraction modes causes a difference in blood pressure responses. It is known that the blood pressure response during exercise has relationships with exercise intensity, duration and active muscle mass. 32, 33 It is also known that although ECC includes less active muscle mass than CON [34] [35] [36] [37] its exerted muscle strength is higher than CON. 16, 31 Therefore, it might be thought that the active muscle mass in CON increases more than in ECC and that the accompanying significant vasopressor response increases the load on blood vessels. Frequent elevations in blood pressure reduces the elastin and elevates collagen content, leading to a clear reduction in elasticity of the artery. 38 The possibility was suggested that RT increases arterial stiffness because of its strong sympathetic vasoconstrictive effect and it effect on arterial walls. 39 Integrated sympathetic nerve activity recorded during ECC contraction has been found to be lower than that recorded during CON contraction. 40 The upper arm used for the training in this study was apt to increase muscle sympathetic nerve activity 41 and evoke a vasoconstrictive effect on the lower extremities. 42 Although muscle sympathetic nerve activity was not measured in this study, it might have contributed to the increase in arterial stiffness because increased muscle sympathetic nerve activity caused by RT increases the tension level of vascular smooth muscles.
Rakobowchuk et al. 9 reported that carotid crosssectional compliance and carotid arterial stiffness was unchanged by 12 weeks of RT. This result differs from that of previous CRT results in this study and that of Miyachi et al. 8 One cause for the difference between the results of this study and that of Rakobowchuk et al.
9 may be the difference in the training programs. Although the training program described by Rakobowchuk et al. 9 increased the load level stepwise through 12 weeks, the present study involved high strength training from the start. The increased arterial stiffness may have been because the RT was conducted using local exercise in this study. It is known that the increase in MAP during local exercise is significant. 43 Therefore, the lower vascular conductance and the increased stress level of arteries during exercise might have increased arterial stiffness. That is, it is thought that CRT is the contraction system 13, 14 that brings about an increase of blood pressure, due to local compressive forces, which further elevates blood pressure, increasing arterial stiffness. At the same time, Rakobowchuk et al. 9 reported that carotid IMT and cardiac dimensions were unchanged. In this study, carotid IMT, carotid lumen diameter and IMT/lumen were unchanged. Miyachi et al. 8 also reported the same results as in this study. That is, it was thought that although the function of arteries decreased due to a short period of RT, no change in the form of arteries was observed.
Conclusion
Arterial stiffness in the ERT group was unchanged by resistance training during 8 weeks. In contrast, arterial stiffness in the CRT group was increased by resistance training for 8 weeks. Therefore, it was (a) Previous studies have demonstrated that resistance training (RT) increases arterial stiffness. Also suggested in previous study was the possibility of higher blood pressure among RT enthusiasts compared to those not engaged in such exercise and that the increase in blood pressure due to RT promotes increased arterial stiffness. On the other hand, it has been reported that the blood pressure response during ECC is smaller than that during CON. (b) This study investigates effects of ERT and CRT on arterial stiffness by an interventional study. Arterial stiffness in the ERT group was unchanged by resistance training during 8 weeks. In contrast, arterial stiffness in the CRT group was increased by resistance training for 8 weeks. Therefore, it was suggested that ERT may be effective as an exercise prescription for middle-aged and elderly adults.
Effects of eccentric and concentric resistance T Okamoto et al suggested that ERT may be effective as an exercise prescription for middle-aged and elderly adults.
Perspective
The primary goal of the current study was to investigate the effects of ERT and CRT on arterial stiffness in female, adult subjects. Although in this study, subjects' menstrual cycles were unified, the investigation in male adult subjects is necessary in the future. Local RT was used to evaluate arterial stiffness Whereas whole body RT was utilized in a previous study. 8, 9 To our knowledge, this is the first investigation that has evaluated the effects of local RT on arterial stiffness, and results indicate that local RT elevates arterial stiffness substantially. However, it will be necessary to further investigate the effect of whole-body ERT and CRT on arterial stiffness in the future.
